The ore quality at mining faces in the KGHM underground copper ore mines can be determined based on channel samples and block models built in the Datamine system. Unfortunately, even very accurate information regarding the quality of deposits at mining faces does not translate into the possibility of predicting the composition of feed to enrichment plants. The mixed ore from mining faces is cyclically loaded by trucks onto belt conveyors, which in turn convey it to shafts. When transported on the conveyors, mixed ore portions from many loading points form a divisional stream, which then goes to the main haulage conveyors where ore streams from various divisions are combined. The way of filling the bunkers, as well as ore flow temporary stoppages, changes the sequence of ore mixing and its arrival, which hinders the ability to track its quality. In the current study, radiofrequency identification (RFID) was proposed for tracking ore composition. A complementary method of ore quality prediction comes from simulating the tagged ore flow within the FlexSim software package. The discrete element method (DEM) of simulations, verified by experiments with RFID tags, can determine the ore flow through bunkers. Forecasts of ore feed composition for the next shift can be prepared with actual plans of mining division operations, the filling level of bunkers and the work plan of the transport system.
INTRODUCTION
The activities of the Poland-based mining enterprise KGHM Polska Miedz S.A. cover the full value creation chain. Deposit development includes exploration and assessment, ore extraction from its primary deposits and land rehabilitation, while processing involves ore enrichment, smelting and refining. In the first half of 2018, it produced 205 thousand Mg of copper in concentrate, 640 Mg of silver in concentrate, 478 Mg of metallic silver, as well as 171 and 56 thousand Mg of electrolytic copper from its own and purchased concentrate, respectively.
Nowadays, the management staff of the KGHM bases their control over the ore production on different unconnected sources. Data regarding lithology and ore grade at each mining block were stored in an online database called MOPRONA. The operators of crushing machines report the courses of haul trucks, while the belt scales under the nodes of the main haulage conveyors monitor the carried ore mass. Due to the dynamic situation in the mine, which involves the introduction of ore from sources with different lithologies, as well as its mixing in the pass-through bunkers and during its transport on the conveyors, qualitative information on the product is lost. This leads to the situation where the management staff can only predict future production based on its current or historical record.
The challenge is to integrate fully the flow of raw material, in this case the copper-bearing ore, into the global process control system of the mine and its processing facilities. It can give the management staff an understanding of, and thus control over the internal dynamics of mixing processes and emergent events, which have a direct influence on the ore quality and quantity at the output of a mine. This knowledge is crucial for the adjustment of the processing parameters to the current production in order to save energy and reduce wear of the crushing devices. It can also help the general managers make appropriate economic decisions about the exploitation of different ore deposits.
Worldwide attempts were made to apply time sequencing of discrete events to optimize various production processes (Shouqi et al. 2016; Si-Yu et al. 2017; Kierzkowski and Kisiel 2017; Zhou et al. 2017) . Software packages utilizing this approach include Arena, Enterprise Dynamics, Plant Simulation, ProModel and FlexSim (Nordgren 2003; Lavery et al. 2005) . The last was successfully used to model ore transport in open-pit mines (Libing et al. 2008; Chen and Shi 2017) .
Radio-frequency identification (RFID) technology has found a broad range of applications in the mining sector. These applications include as intrusion detection system for identification of toxic gases in underground mines (Gautam and Om 2018) , truck travel time measurement in an open-pit mine (Jung and Choi 2017; , vehicle proximity detection for collision prevention , mine operation management based on equipment and personnel tracking (Stolba et al. 2013; Jung and Choi 2016; Binguo et al. 2017) , and tracking of explosives (Mahmad et al. 2016) . The idea of ore marking with RFID tags was first proposed at the Vale IncoÕs copper-nickel ore FroodStobie mine (Fiscor 2007 ).
The current study shows an overview of mining activities in Polish copper mines, as well as a holistic solution to the tracking of ore provenance and its quality identification at the mine output. The work was conducted within the European UnionÕs Horizon 2020 project Distributed In-Situ Sensors Integrated into Raw Material and Energy Feedstock (DISIRE), involving 15 research and industrial partners from six countries. Its ultimate goal was to achieve product-specific online adaptation of the control system that could be applied in different branches of industry. In our knowledge, such a solution, at least in the mining sector, has yet to be formulated.
The in situ experiment was conducted in the ZG Lubin copper mine. Ore portions from different parts of the mine, with various lithologies, were marked with RFID tags with ascribed qualitative and quantitative information. The flow time of the tags between each loading point and the process plant was recorded (Kró l et al. 2016; Jurdziak et al. 2017b; Bardzinski et al. 2018) . FlexSim was chosen to build the model of the transport system of the underground copper mine in the current project, which was successfully tested by comparing the experimental RFID tag flow times. Rock material coming from the different loading points is mixed within the retention bunker, which affects its transport time. The problem was described using the discrete element method (DEM) and the EDEM software package (Kessler and Prenner 2009; Di Maio et al. 2009 ), which helped to adjust the model of the mine to the experimental RFID tag flow times. The major novelty of the proposed solution comes from the integration of the data collected from different databases involving the actual mine characteristics into one software-based system, which will give the management staff a useful tool for ore grade and lithology prediction.
METHODS
The aim of the study was to create a complex simulation model of the belt conveyor-based transport system of an actual Polish copper mine. The model was parameterized with the mined orebody data (lithology and quality), mining schedules, the operational time of vehicles supplying the ore from mining fields, the velocities of the systemÕs parts, and discretized flow times of ore batches and RFID tags in the shaft ore bunker.
Ore samples, obtained by channel sampling, were prepared on HERZOG sample preparation lines and analyzed by Philips MagiX Pro, PW2540 and Axios X-ray fluorescence (XRF) spectrometers. The detailed procedure of channel sampling from drift faces in the ZG Lubin mine was discussed by Jurdziak et al. (2017a) . Drillhole sampling, together with the georadar sampling method (GPR) applied in boreholes, was employed to investigate the lithological profile in a spatial manner. Then, three-dimensional modeling of the lithological profiles was performed utilizing the block modeling method for lithology wireframe estimation in the Datamine Studio software package. The data regarding lithology and ore grade at each mining block were stored in the MOPRONA system. RFID was used to mark the run-of-mine ore portions (Blazej et al. 2018) .
Time sequencing of discrete events in the FlexSim package was used to build the model of the mineÕs transport system. The experimental run was set to five working days or 432,000 s. Each loading point is supplied by three haul trucks with a different mass-based loading capacity: 15, 12 and 8 Mg. The frequency of generating discrete ore portions by each of the three source types was based on their respective empirical histograms. The DEM based on NewtonÕs second law and particle contact models (EDEM software package) was used to model the particle flow through the ore bunker.
Case Study: Mining Activities Specification
Drillhole and georadar sampling allow the lithological profile to be revealed, which is then spatially modeled in the Datamine Studio software package (Datamine 2018). Figure 1 shows an example cross section of the lithological profile across several pillars, indicating a spatial variation in lithology due to the orientation of the rock layers with respect to the actual floor and roof of the ore horizon. According to the data presented in Table 1 , when new mining fields are excavated, the lithological contributions of each fraction are variable over time. This is due to the orientation of rock layers in three-dimensional space.
Mining works commence with channel sampling, followed by rock blasting at the mining front. The data are sent to the automated analytic system based on XRF spectrometers. Over 1000 samples can be automatically processed daily. The information about the contributions of each lithological fraction, as well as the pure metal content, is obtained and stored in the MOPRONA 1 system, which is available online. As shown in Figure 1 , the excavation profile, due to economic reasons, is often limited to the Kupferschiefer or most copper-rich black sedimentary shale together with surrounding dolomite and sandstone, which contain less, but still economically viable amounts of copper.
In all Polish copper mines, as shown in Figure 1 , the room-and-pillar mining scheme is used. Technological pillars are left during the mining works 2 in order to carry the compression forces of the orogen. Mining activities at each face commence with the production of the housing. On the mining face, the bolt holes are drilled and the bolts are installed. The loose ore is removed either mechanically or by hand. Then, blast holes are drilled and loaded. After that, the rock material is blasted with fire explosives, hauled by haulers or loaders and dropped at the loading points. The larger lumps of rocks are crushed, sieved and transported further by the belt conveyors, which convey the ore to the shafts. The ore is loaded cyclically from ca. 150 faces in each mine.
The main haulage conveyors transport the ore to the retention bunker-a large container carved in rock-through which the ore is flowing to the crushers through two output chutes. The mixing of ore during transport on the conveyors and within the retention bunker leads to the loss of the important geometallurgical information about the ore quality and provenience. Crusher chambers and shaft containers are located near the extraction shafts. The ore flowing through them is extracted to the surface with the use of hoisting skips. Finally, the ore is transported to the ore enrichment plant (termed simply as process plant in the text) by the belt conveyors. Copper recovery is performed within the froth flotation process, preceded by crushing, grinding and milling (Malewski 2017) . The parameters of the latter three operations are dependent on the lithological composition of the ore. Tailings are managed by an extraction and waste neutralization facility located near the Zelazny Most tailings dam, which is the largest structure of this type in Europe.
System Modeling
As mentioned above, the ore coming from different sources mixes while on its transportation path and over time, and hence, even very accurate information about the quality of the deposit at the mining faces does not translate into the possibility of tracking the composition of the feed before it reaches the enrichment plants. For this reason, a solution can be found from combining big data sets of different types in order to create a model that could help in the qualitative and quantitative prediction of the most important parameters characterizing the ore.
First, the data that describe the mine transport system were collected. These contain the schedule of haul truck courses, which was different at each loading point. Based on oversized ore block crushing device operatorsÕ reports, the empirical distributions of haul truck courses with three loading capacities were derived. Workday schedules of skips and main haulage, as well as divisional haulage belt conveyors, contain their operational times and down times. The velocities of each of the conveyors were noted, together with the placement of the loading points and bunkers along the route of the conveyor. The lithology and copper content in the ore, acquired from the channel samples at each mining front, were taken from the MOPRONA ore production monitoring system. Ore portion discretization was conducted according to the loading capacity of each type of haul truck. The above-mentioned input information was included in the model of the ZG Lubin underground copper ore mine, which was built in FlexSim. Its graphical representation is shown in Figure 2 , with the direction of ore flow indicated with arrows. The active mining fields included in the simulation variants are listed in Table 2 . The corresponding ore lithology and grade in the actual case are based on the channel sample data from the MOPRONA database. In the current study, in order to represent the geological diversity of different mining fronts, lithological information was arbitrarily chosen and is shown in Table 3 . The model can also track the variations in copper yield (Bardzinski et al. 2018 (Bardzinski et al. , 2019 ), but the current study was limited to show changes in ore lithology.
DESCRIPTION OF NUMERICAL CASE STUDIES AND RESULTS
The output statistical information generated by the program involved the number of discrete ore portions transported from each of the mining faces, the total mass of transported material, and the ore lithology and grade after the transport path completion of ore portions from different sources that reached the process plant, which were recorded on an hourly basis. The results are presented in Figure 3 . The total ore yield per hour in the whole mine is typically 434 ± 9 Mg with some zeroes and outbursts in the production. The latter followed the scheduled maintenance downtimes of the transport system and have been found to be caused by the ore storage in the bunkers together with short transport paths from the filled bunkers to the process plant, e.g., in the case of loading point LPW91.
In variant 1a, all four loading points-each representing different lithologies and distant parts of the mine-were operating for five workdays. The ore stream is mixed at the process plant, producing the resulting composition that is approximately constant over time. Simulation variants V1b and V1c covered the unavailability of different ore sources. Such circumstances are common in a real mine, e.g., due to maintenance issues or staff decisions. Using the proper choice of operational times of the sources listed in Table 2 , one could observe the gradual change of the lithological profile at the process plant, from sandstone dominant to dolomite dominant.
Such information could help crushing machine operators and process plant managers to adjust the ore processing parameters in advance if mining plans are known.
Variants V2-V5 show the situation of feeding the process plant with the material that comes from the single loading point. The dominant fraction in V2 is mostly dolomite, while in V4 it is sandstone. V3 and V5 are mixed cases with the domination of either of the mentioned fractions. In such cases, the changes in lithology of each source were found to produce a stable pattern, which was repeated over time. Note that while the primary lithology of the sources determined the dominant contributions at the process plant, the shape of the transported mass vs. time characteristics depends on the transport path.
EXPERIMENTAL VERIFICATION OF THE MODEL
In order to test the quality of the model, the experiment was conducted in the mine. RFID tags with the ascribed source number were dropped at three different loading points, marked as black stars in Figure 2 . The tags were dropped in a defined time interval of 60 s and recorded by the acquisition device placed before the ore enrichment plant. Two types of RFID tags were used, which had smaller and bigger dimensions. Two reading antennae (separate for laboratory and industrial tests), 300 RFID tags of each of the two sizes (with a cost of about 2 Euro per tag), and the customization and implementation costs (Blazej et al. 2018 ) gave the total cost of the experiment of about 20,000 Euro. A single test conducted in the mine costs about 2000 Euro. According to Figure 4 , the smaller tags probably were stuck in mud, so the flow times of their first portion were relatively longer. Most of the bigger ones travelled with the ore through its transport path, but were more prone to being damaged during crushing operations. The figure shows the mixing of the pellet in time and space, i.e., the distance from the dropping point and the process plant multiplied by the constant conveyor belt velocity of 2.5 m/s. Tags represented by data points placed above the dashed diagonal line were delayed with respect to their dropping time. Most of the tags Figure 4 . RFID tag drop-read statistics together with their flow times (given in hours) through the mineÕs transport system. arrived at the process plant in a different order than in which they were dropped. This indicates permutation or mixing and is most probably caused by the filling level of the ore bunker located downstream of the P41a dropping point. In order to maintain the operational continuity of the mine, the material is hauled from the bunker during ore source downtimes, which frequently occur on Saturdays and Sundays. Then, on Mondays, the bunker is almost empty. As the experiment was started on Monday, the first portions of the ore (as well as the RFID tags dropped first) were stuck in the bottom of the container, which explains their longer flow times (Bardzinski et al. 2018) .
The flow time of the RFID tags between the dropping and detection points was compared with the simulations. It was found that the retention bunker placed before the crushers has a significant impact on the tag flow times. The DEM was adopted to study the discretized ore flow through this node of the transport system. According to observations, when the bunker content was above 70 ± 10%, the retention time of the ore portions is constant. For the two-chute and one-chute bunker discharges, two values of mean retention time were incorporated into the FlexSim model-80 and 120 min, respectively. It was found that the one-chute bunker discharge variant of the FlexSim simulation complied well with the experimental time, while in the twochute variant the RFID tag flow times were shorter by about two hours (Bardzinski et al. 2018) . Within the experiment, some of the RFID tags were crushed or stuck to the mud and would therefore never reach the process plant. Such a situation, based on the built-in random number generator algorithm (Law and Kelton 1991) , was also modeled in FlexSim.
The model has the potential for further development. In the basic variants, the rock sources were infinite and the amount of excavated ore delivered to the loading point was controlled only by the haul truck inter-arrival times. Then, in our recent study (Bardzinski et al. 2019) , the algorithm was developed to describe the situation where, during the blasting works, the rock debris from each lithological layer can fall in various ways. Within the algorithm, the amount of blasted rocks was fixed after each blasting works and the material is drawn in portions defined by haul truck shovel capacity up to the emptying of the rock piles of a certain type. Its application revealed an interesting feature, i.e., when more sandstone was drawn at the beginning, the depletion of its deposit in the subsequent haul truck courses occurred.
CONCLUSIONS
For more than 50 years, geologists, mathematicians, statisticians and geostatisticians have put a lot of effort in improving the methods of orebody modeling. After focusing on building the geologically proper structural orebody model and validated grade interpolation, more sophisticated orebody parameters (e.g., geometallurgical) were successfully modeled. However, all of these models relate to the in situ material, while investigations of raw material processing deal with the parameters of ore batches supplied to an ore enrichment plant. Unless these ore batches are identified with the previously recognized blocks of deposit in mining fields, the accuracy of an orebody model becomes irrelevant. When filling the existing information gap, ore tracking can be seen as the logical solution in order to utilize all the information of an orebody model for the more effective processing of raw material.
Therefore, the aim of the study was to demonstrate the complex approach to proper tracking of the provenience of the ore which travels through the belt conveyor system of a mine, and which then becomes mixed along its path to the ore enrichment plant. The example of the KGHM ZG Lubin underground copper mine was used to demonstrate that this goal can be reached when different simulation methods, such as discrete event simulation (FlexSim), the discrete element method (EDEM), orebody modeling (Datamine Studio) and RFID technology, are combined with various empirical data acquired from the mine. The tag experiment showed the occurrence of permutation (reversal) of the dropping-reading order of the RFID tags, which indicates the mixing of ore in time and space during its transport. In the transportation system simulation model, eight simulation variants were considered, which covered the unavailability of different ore sources. Such a situation occurs in a real mine, e.g., due to maintenance issues or the decisions of staff. The way it affects the contributions of lithologic fractions at the process plant was reflected in the obtained results. In the created model, it is possible to identify each ore batch loaded on the conveyor with a virtual tag carrying information about the ore composition, as well as to forecast the ore feed composition by simulating ore flow in the transport system. Any significant deviation from the plans requires the simulation to be restarted for new operating parameters of the system. The model can also be used to make economic decisions about further exploitation of each mining field, because it shows the contributions of each ore source to the total production of the metal, which was presented in previous studies (Bardzinski et al. 2018 (Bardzinski et al. , 2019 .
The ore tracking investigations originated from the work package ''Non-ferrous mineral processing'' in the DISIRE project (Kró l et al. 2016 , Jurdziak et al. 2017b ) and continued after the closure of the project (Bardzinski et al. 2018 (Bardzinski et al. , 2019 because of interest of the industry. The improved operating control of mining production is a goal of KGHM, especially due to prices of copper dropping by some 30% since their peak in 2011. In the KGHM Lubin mine alone, recently applied organizational changes of controlled parameters of mining production (face advance instead of tonnage) have decreased dilution by some 10%. Results from an effective ore tracking system would benefit and improve both production control (due to verified reconciliation of mine plans and to outputs achieved) and ore processing (especially ore grinding). The annual ore output of KGHM Polish mines is about 33 million Mg. Milling of this ore costs about 36 million Euros. Various proportions of ore lithological mix in ore batches cause a substantial dispersion of the specific energy of grinding (Kró l et al. 2016) . Therefore, each 1% (a conservative estimate) of an improvement in ore blending that enables energy consumption to be decreased might give savings of 0.36 million Euro/ year.
Optimized settings of crushing (grinding) and flotation (adjusted with regard to known processed ore lithology compounds) would also allow an increased Cu recovery from the processed ore of an estimated (conservatively) 0.03% (from 90 to 90.03%). This is equal to some 140 Mg of Cu, which would return 0.83 million Euros. Other savings at KGHM could be expected due to the possibility of improving machinery equipment maintenance by obtaining accurate characteristics of transported ore streams (actual tonnage, ore lump dimensions and shape). The development of an ore tracking system seems to be well funded, and the company supports efforts toward its implementation. 
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